16 Neuroangiostrongyliasis, caused by Angiostrongylus cantonensis, has been reported in Hawaiʻi 17 since the 1950's. An increase in cases is being reported primarily from East Hawaiʻi Island, 18 correlated with the introduction of the semi-slug Parmarion martensi. Households in areas 19 lacking infrastructure for water must use rainwater catchment as their primary domestic water 20 supply, for which there is no federal, state, or county regulation. Despite evidence that 21 contaminated water can cause infection, regulatory bodies have not addressed this potential 22 transmission route. This study evaluates: 1) the emergence of live, infective-stage A. cantonensis 23 larvae from drowned, non-native, pestiforous gastropods; 2) larvae location in an undisturbed 24 water column; 3) longevity of free-living larvae in water; and 4) effectiveness of rainwater 25 catchment filters in blocking infective-stage larvae. Larvae were shed from minced and whole 26 gastropods drowned in either municipal water or rainwater with >94% of larvae recovered from 27 the bottom of the water column. Infective-stage larvae were active for 21 days in municipal 28 water. Histological sectioning of P. martensi showed proximity of nematode larvae to the body 29 wall of the gastropod, consistent with the potential for shedding of larvae in slime. Gastropod 2 30 tissue squashes showed effectivity as a quick screening method. Live, infective-stage larvae were 31 able to traverse rainwater catchment polypropylene sediment filters of 20 µm, 10 µm, 5 µm, and 32 1 µm filtration ratings, but not a 5 µm carbon block filter. These results demonstrate that live, 33 infective-stage A. cantonensis larvae can and do emerge from drowned snails and slugs, survive 34 for extended periods of time in water, and that the potential exists that they enter the household 35 water supply. This study illustrates the need to better investigate and understand the potential 36 role of contaminated water as a transmission route for neuroangiostrongyliasis. 37 38 Introduction 39 The nematode Angiostrongylus cantonensis is established throughout the main Hawaiian Islands 40 with the possible exception of Lānaʻi [1, 2, 3]. The complex lifecycle of this parasite has been 41 well-described in the literature [4, 5, 6, 7]. In Hawaiʻi, Rattus rattus and Rattus exulans are 42 important definitive hosts, and many gastropod species are effective intermediate hosts including 43 Achatina fulica, Euglandia rosea, Laevicaulis alte, Limax maximus, Parmarion martensi and 44 Veronicella cubensis [1, 2, 8]. The third stage larva (L3) is harbored in the intermediate host, and
6 153 gastropod was placed in a 50 mL falcon tube filled with rainwater or municipal water, and 154 inverted until the gastropod was deceased. 173 experiments was used to evaluate the distribution of larvae in a water column after a gastropod 174 drowning event. Water samples (5 mL) were pipetted from three locations in tubes containing a 175 gastropod drowned in rainwater: the top, the middle, and the bottom (TMB) of the 50 mL water 176 column. Each 5 mL sample was placed into a petri dish and 10 mL of additional water added to 177 the dish to prevent drying. After sampling, each Falcon tube was topped off with rainwater. The 178 first samples were drawn within 24 hours post drowning (PD). Samples were then taken at 24-179 hour intervals for as few as five, and as many as 20 days PD. Petri dishes were held at room 180 temperature (~ 21º C) and were routinely examined (24 -72 hours) for evidence of larvae by 181 microscopy. Larvae were counted, photographed, and isolated for genetic analysis. All 213 covering the top of the mesh and larvae were pipetted onto the sieve. The sieve was removed 214 after 24 hours and the liquid below was examined by microscopy. Larvae found below the sieve 215 were removed from the beaker by pipette and were held in petri dishes. A subsample of these 216 larvae was placed into acid (0.5% HCl/0.5% pepsin) to observe larval reaction [2]. The 217 remaining larvae (~1000) were held to determine longevity. Subsamples of these larvae (~250) 218 were processed for genetic analysis at 53 and 56 days PD. Shed larvae, which were initially 219 observed to be coiled and had emerged into active larvae, were also challenged to traverse the 220 sieve. Subsamples were exposed to acid and were held for observation for longevity. At 21 days 221 PD ~80 larvae were isolated for genetic analysis. C-shaped larvae were not used in sieve trials as 222 these larvae were never observed to be active. The sieve was soaked in a 15% salt solution for 20 223 minutes, rinsed in soapy water followed by a fresh water rinse, dried at ~ 50º C, and exposed to 229 Tail snips were taken from 10 slugs for subsequent real-time PCR testing and six were left whole 230 with no tail snips taken. The slugs were divided into two treatments: 50 mL of either municipal 231 water or rainwater (tail snip slugs n = 5 per group, and whole slugs n = 3 per group). Three 5 mL 232 samples were drawn from the bottom of tubes at 24, 48, 72, and 96 hours PD and placed into 233 individual petri dishes. All samples drawn were examined daily and larvae were counted and 234 isolated for genetic analysis.
235
236 Tissue squash to screen for presence of larvae 237 To determine the effectiveness of tissue squashes as a screening method for nematode infection 238 in slugs, a small piece of tail tissue (~5 mg) was removed from the tail snip of P. martensi (n = 239 10) for evaluation. The remaining tail snip was used for genetic analysis. Tissue was placed 240 between two glass slides and pressure was applied until a thin film was achieved. The slide was 241 examined with an Olympus CX31 compound microscope for visualization of larvae. 9 243 Histology 244 Several P. martensi were prepared using traditional histological methods to examine location of 245 larvae in the tissue [32] . The shells were first removed and gastropods were immersed in glacial 246 acetic acid for 24 hours to dissolve any remaining shell fragments. The specimens were fixed in 247 10% formalin for 48 hours and then transferred to 70% ethanol, after which they were cut 248 laterally into three sections (head, middle, tail). The sections were processed in a tissue processor 249 (Leica TP 1020, Leica Microsystems Inc., Bannockburn, IL), blocked in wax, cut in 7μm
250 sections which were placed on glass slides, and stained with traditional hematoxylin and eosin.
251 Slides were examined with an Olympus CX31 compound microscope. Sections containing larvae 252 were photographed as described above. 400 Shed larvae were observed to be either coiled or C-shaped and inactive. The coiled larvae were 401 observed to emerge from this state to become vigorously swimming larvae, while the C-shaped 402 larvae exhibited no movement or emergence. The C-shaped larvae fit the description of L2 417 Of the gastropods used in this study, only those that shed larvae or whose tail snips were positive 432 varied-sized larvae, the numbers of which increased over time, peaking at seven and eleven days 433 after the sample was drawn, with counts of ~ 900 larvae in some dishes ( Fig. S1 ). These larvae 434 were likely emerging from tissue and slime shed by the drowned gastropods. Some of these 435 larvae exhibited the S and Q-movement said to be specific to A. cantonensis and when observed 436 by microscopy, these larvae had the clear distinction at the esophagus-intestine junction and a 437 posterior section dense with refractive granules (Fig 4a) 574 575 L1 larvae passed through a 20µm metal sieve, but L3 larvae were unable to traverse the sieve.
576 While no L3 larvae were able to migrate through the 20µm metal sieve, the infective stage L3
577 larvae are capable of burrowing through the intestinal wall, and while they may not be able to 578 burrow through metal, they may be capable of migrating through a non-metal filter. We 579 evaluated the ability of nematodes isolated from wild-caught P. martensi to traverse five 580 different types of sediment filters commonly used in household catchment systems. While live 581 nematodes were able to traverse all filters except the 5 µm carbon-block filter, all filters 582 significantly reduced the number of nematodes introduced to the system. We believe the 583 structural design and differences in construction of individual filters are important variables in 584 determining if nematodes are able to traverse the filters tested. Similar to the metal sieve, the 585 carbon-block filter is the only filter tested that is made of inflexible material (100% coconut shell 586 carbon) and possesses rubber seals on each end. Nematodes could not go around the carbon filter 587 swept by water currents or swimming while the system was off, nor could they burrow or swim 588 through the carbon filter while the system was off. While only two carbon filters of one brand 589 were tested, future research should particularly focus on other brands and sizes of carbon block 590 filters, with larger sample sizes, for testing effectiveness for blocking nematodes. Structural 591 design and construction differences also likely explain the finding of more nematodes in the 10 592 µm filtrate than the 20 µm filtrate, as the 10 µm filter had thinner strings that were notably more 593 loosely wound compared to the 20 µm strings. There was even a clear difference in string
